ABSTRACT: Structure−activity relationships for cellular uptake and inhibition of cell proliferation were studied for 2-amino-4-oxo-6-substituted pyrrolo [2,3-d]pyrimidine thienoyl antifolates in which the terminal L-glutamate of the parent structure (7) was replaced by natural or unnatural amino acids. Compounds 7 and 10−13 were selectively inhibitory toward folate receptor (FR) α-expressing Chinese hamster ovary (CHO) cells. Antiproliferative effects of compounds 7 and 9− 13 toward FRα-and FRβ-expressing CHO cells were only partly reflected in binding affinities to FRα and FRβ or in the docking scores with molecular models of FRα and FRβ. Compounds 7 and 11 were potent inhibitors of glycinamide ribonucleotide formyltransferase in de novo purine biosynthesis in KB human tumor cells. These studies establish for the first time the importance of the α-and γ-carboxylic acid groups, the length of the amino acid, and the conformation of the side chain for transporter binding and biological activity of 6-substituted pyrrolo [2,3-d]pyrimidine thienoyl antifolates.
■ INTRODUCTION
Membrane transport of folates and classical antifolates is mediated by the reduced folate carrier (RFC or SLC19A1), the proton-coupled folate transporter (PCFT or SLC46A1), and folate receptors (FRs) α and β.
1−5 RFC is ubiquitously expressed in tissues and tumors and is an anion antiporter that functions optimally at neutral pH. 2 PCFT shows more limited expression in normal tissues than RFC but is highly expressed in the duodenum and jejunum as well as in liver and kidney. 4 PCFT is widely expressed in human tumors and shows optimal transport at acidic pH with very low activity at neutral pH. 4, 6 High levels of FRs are expressed in certain cancers, including FRα in ovarian and nonsmall cell lung cancers and FRβ in myeloid leukemias. 1, 7 Folate-based drugs continue to occupy an important niche among current chemotherapy drugs for cancer and nonmalignant diseases. 4,5,8−10 Clinically relevant antifolates include methotrexate (MTX) and pralatrexate, both of which inhibit dihydrofolate reductase, and raltitrexed (RTX) and pemetrexed (PMX), which principally inhibit thymidylate synthase ( Figure  1 ). Recent attention has focused on developing tumor-targeted folate-based therapies, reflecting tumor-selective uptake by FRs and/or PCFT. 4, 5, 10 Folate and pteroate conjugates have been used to selectively deliver toxins, liposomes, and cytotoxic agents via FRα to FRα-expressing tumors. 10 Vintafolide, a folic acid−desacetyl vinblastine conjugate and substrate for FRα, 11 completed a phase II multicenter randomized trial for women with platinum-resistant ovarian cancer 12 and was tested in phase III clinical trials with patients with ovarian and nonsmall cell lung cancers.
PMX is a 5-substituted 2-amino-4-oxo-pyrrolo [2,3-d ]-pyrimidine analogue with a two-carbon bridge attached to a p-aminobenzoyl glutamate ( Figure 1 ). We previously identified novel 6-substituted pyrrolo [2,3-d] pyrimidine analogues of PMX with selective cellular uptake by FRα and β and PCFT over RFC. 13, 14 The most potent cytotoxic analogues that utilize both FR and PCFT were those with three or four carbons in the bridge region (1 and 2) (Figure 1 ; Table 1S , Supporting Information); inhibitory activity for this series decreased dramatically with fewer or greater numbers of bridge carbons. 13, 14 However, replacement of the benzoyl ring with an alkyl side chain (n = 7 or 8) (3 and 4) (Figure 1 ) preserved substantial FR substrate activity and growth inhibitory effects, although PCFT transport was lost (Table 1S , Supporting Information). 15 Substitution of the pyrrole ring in 1 and 2 with a thiophene ring afforded a somewhat larger ring system, while replacing the NH hydrogen bond donor with S (5 and 6)
16
( Figure 1 ). Compounds 5 and 6 were excellent substrates for FRs, resulting in growth inhibition equivalent to 1 and 2, but were not substrates for transport by RFC and PCFT. 16 The 6-substituted pyrrolo [2,3-d] pyrimidine analogues with a side chain thienoyl-for-benzoyl isostere replacement in 1 and 2 afforded the most active FR-and PCFT-selective antifolates yet discovered (7 and 8, respectively) ( Figure 1 ; Table 1S , Supporting Information). 17−20 For 7, cell growth inhibition compared to 8 was increased up to ∼10-fold toward FRα-and PCFT-expressing tumor cells. 18 All the active 6-substituted pyrrolo [2,3-d] pyrimidine antifolates evaluated thus far derived their cell inhibitory effects from inhibition of β-glycinamide ribonucleotide (GAR) formyltransferase (GARFTase) which catalyzes the first folate-dependent step in de novo purine nucleotide biosynthesis. 17−20 Further structural optimization of compounds such as 7, for which drug efficacy depends on selective cellular uptake by non-RFC transport mechanisms, and binding to folylpolyglutamate synthase for polyglutamylation and GARFTase to inhibit purine nucleotide biosynthesis, requires a systematic variation of individual structural features.
For example, although compound 7 is highly potent, its selective tumor-targeting via FRs and PCFT is somewhat compromised by its apparent cellular uptake by other processes. 18 Thus, it is of interest to further explore the structure−activity relationships (SAR) for this series to determine if absolute selectivity along with high potency for FRα, FRβ, and/or PCFT over RFC would be possible. In this report, we consider the SAR for cellular uptake and inhibition of cell proliferation for the pyrrolo [2,3-d] pyrimidine scaffold of 7 in which the terminal L-glutamate has been replaced by natural or unnatural amino acids with variations in the length of the side chain or the presence of α-or γ-COOH groups or deleted altogether. Our goal was to explore the SAR for novel 6-substituted pyrrolo [2,3-d] pyrimidine thienoyl antifolates 9− 13 related to 7 (Figure 2 ), the most potent compound of our series for inhibiting proliferation of FRα-and PCFT-expressing cells with substantially reduced inhibitory effects toward RFCexpressing cells. 18 Using the pyrrolo [2,3-d] pyrimidine scaffold, we systematically modified the terminal glutamate moiety. Compound 9 is the pteroic acid analogue of 7 in which the terminal L-glutamate portion is removed. Compound 10 contains a single carbontruncated L-glutamate, i.e., an aspartic acid analogue of compound 7. Compound 11 contains an extended 3-atom amino acid side chain, i.e., the α-amino adipic acid analogue of compound 7. Compound 12, the 4-amino butanoic acid analogue, lacks an α-carboxylic acid compared with 7. Compound 13 includes an α-amino pentanoic acid that lacks a γ-carboxylic acid. Collectively, these analogues allow the determination of the importance of the α-and γ-carboxylic acid groups and the length of the side chain of the L-glutamate moiety in relation to biological activity for FR and PCFT targeting. Our results establish an intriguing difference between the amino acid specificities for binding FRα and FRβ, and biological effects between analogues of this series, and in conformational preferences for optimal binding to FRα and GARFTase that may be therapeutically exploitable. Thus, a degree of flexibility in the amino acid side chain appears to be essential to provide both selective transport and potent enzyme inhibition.
■ CHEMISTRY
Target compounds 7, 9, and 10−13 were synthesized from 17 (Scheme 1). 17 Previously reported intermediate 17 was oxidized using Jones reagent, 17 which afforded the carboxylic acid 18 in 47% yield. Because 17 was a key intermediate, it was of interest to improve the oxidation yield so milder oxidation conditions were used than Jones reagent. Compound 17 was oxidized using periodic acid and pyridinium chlorochromate, which afforded 18 in significantly improved (73%) yield over the previous method. Intermediate 18 was converted to the acid chloride 19 and immediately reacted with diazomethane, followed by 48% HBr to give the desired α-bromomethylketone 21. Condensation of 2,6-diamino-3H-pyrimidin-4-one (22) with 21 at room temperature for 3 days afforded the 2-amino-4-oxo-6-substituted-pyrrolo [2,3-d] pyrimidine 23 (38%). Hydrolysis of 23 gave the corresponding free acid 9 (89%). 17 Subsequent coupling with L-glutamate diethyl ester or dimethyl L-aspartate or dimethyl (S)-2-aminohexanedioate, methyl 4-aminobutanoate, or methyl (S)-2-aminopentanoate, using 2-chloro-4,6-dimethoxy-1,3,5-triazine as the activating agent, afforded the desired esters. Final saponification of the esters gave the desired compounds, 7 and 10−13, in 78−89% yield.
■ BIOLOGICAL EVALUATION AND DISCUSSION
6-Substituted Pyrrolo [2,3-d] pyrimidine Antifolates with Amino Acid Replacements Are Inhibitors of Proliferation of Cells Expressing FRs but Not PCFT or RFC. Compounds 9−13 were tested in cell proliferation assays with a unique panel of isogenic Chinese hamster ovary (CHO) cell lines individually expressing RFC (PC43-10), 13, 21 PCFT (R2/PCFT4), 14, 16 FRα (RT16), 13 or FRβ (D4), 16 and results were compared to those for 7 and to standard antifolates (MTX, PMX, RTX) with limited transporter selectivity. Negative controls for RFC-and PCFT-expressing cells included RFC-, FR-, and PCFT-null MTXRIIOua The experiments with the CHO sublines were extended to KB human nasopharengeal carcinoma cells which express highly elevated FRα, along with RFC and PCFT. 19 Results are summarized in Table 1 .
Compound 7 is extraordinarily potent toward both FR and PCFT-expressing CHO cells (IC 50 s = 0.31, 0.17, and ∼3 nM for RT16, D4, and R2/PCFT4, respectively) and KB human tumor cells (IC 50 = 0.26 nM). 18 Compound 7 showed modest inhibition toward PC43-10 and R2 cells that was unrelated to the presence of a particular transporter (Table 1) . Removal of the terminal glutamate of 7, generating 9, resulted in complete loss of growth inhibition toward RFC-and PCFT-expressing CHO cells and only a slight inhibition (IC 50 = 661 nM) of FRα-expressing RT16 cells. Compound 9 was completely inactive with FRβ-expressing D4 CHO cells. For PC43-10 (RFC) and R2/PCFT4 (PCFT) cells, the analogues with amino acid replacements including 10−13 were all inactive up to 1000 nM. In contrast, compounds 10−13 were all inhibitory toward RT16 cells at low nM concentrations, in rank order, 10 ∼ 11 > 12 > 13. Interestingly, for FRβ-expressing D4 cells, only 11 was highly active (IC 50 = 3.6 nM), with substantially reduced activity for 10 and complete inactivity with 12 and 13. For all the active compounds with both RT16 and D4 cells, growth inhibition was reversed by excess folic acid, confirming FR uptake. As previously reported, 13, [16] [17] [18] 23 transporter selectivity was lost for the classical antifolates (MTX, PMX, RTX), as all these agents inhibited proliferation of FR-, RFC-, and PCFT-expressing CHO cells (Table 1) .
Thus, on the basis of the patterns of inhibition with the isogenic CHO sublines, L-glutamate replacements in 7 preserve substantial FRα-selective uptake and growth inhibition, with generally reduced and surprisingly variable activity for FRβ and a complete loss of RFC-and PCFT-targeted activity. Because compounds 10−13 all inhibited FRα-containing CHO cells, their inability to inhibit RFC-and PCFT-expressing CHO cells (and FRβ-expressing D4 cells for compounds 10, 12, and 13) must be due to a lack of internalization by these mechanisms.
Notably, in spite of the inhibitory effects of 10−13 toward FRα-expressing RT16 CHO cells, with KB human tumor cells, the only active compound of the series was the adipic acid >1000 >1000 661(170) >1000 >1000 >1000 >1000 >1000 >1000 >1000 10 >1000 >1000 6.6(1.9) >1000 347(110) >1000 >1000 >1000 >1000 >1000 11 >1000 >1000 9.5 (1.9) >1000 3.6 (0.6) >1000 >1000 >1000 9.0 (5.0) >1000 12 >1000 >1000 27.4 (12.2) >1000 >1000 >1000 >1000 >1000 >1000 >1000 13 >1000 >1000 55.7(7.9) >1000 >1000 >1000 >1000 >1000 >1000 >1000 13, 16 ( Figure 3) .
Disparate results were obtained for binding affinities of the novel 6-pyrrolo [2,3-d] pyrimidine antifolates with FRα and FRβ. For FRα, binding affinities were in the order, folic acid ∼ 7 ∼ 10 ∼ 11 ∼ 12 > 13 ≫ 9 ≫ MTX ( Figure 3A ). For the 6-pyrrolo [2,3-d] pyrimidines, these generally parallel relative levels of RT16 growth inhibition. For FRβ, binding affinities were in the order, folic acid > 10 ∼ 7 > 11∼ 12 ∼ 13 ≫ 9 ∼ MTX ( Figure 3B ). Thus, the antiproliferative activities of the pyrrolopyrimidine analogues toward FRβ-expressing D4 cells were only partly reflected in their FR-binding affinities. Substantially reduced growth inhibition and FR α and β binding was seen for compound 9. Whereas compounds 10, 12, and 13 bound avidly to FRα, accompanying loss of cell proliferation, for D4 cells, these poorly active analogues nonetheless showed detectable binding to FRβ, although binding was somewhat reduced for compounds 11, 12, and 13. The decreased binding affinity for FRα and FRβ with 9, accompanying loss of the terminal glutamate is analogous to previous findings of nonglutamyl nonbenzoyl 6-substituted pyrrolo [2,3-d] pyrimidine analogues. 15 Additional experiments were performed to assess inhibitory effects of the amino acid analogues of 7 on PCFT membrane transport at pH 5.5 (the pH optimum for PCFT 24 ), and at pH 6.8 (approximating the pH of the tumor microenvironment 25 ), as a measure of relative binding affinities to the carrier ( Figure   4 ). In these experiments, R2/PCFT4 CHO cells expressing human PCFT were incubated with [ 3 H]MTX (0.5 μM) in the presence of 1 or 10 μM of compounds 7 and 9−13 at 37°C for 5 min. The antifolate PT523, 26 which is an excellent substrate for RFC transport but not for PCFT, was the negative control. At pH 5.5 and pH 6.8, 7 (10 μM) potently inhibited [ 3 H]MTX uptake (∼95% and ∼70%, respectively) ( Figure 4 ); decreased inhibition (∼80% and ∼20% inhibition, at pH 5.5 and 6.8, respectively) was seen at 1 μM of compound 7. Notably, 10 μM of compounds 11 and 13 also inhibited [
3 H]MTX uptake by PCFT (∼75% and ∼70% inhibition, respectively, at pH 5.5, and ∼30% inhibition, each at pH 6.8) (Figure 4 ), even though these compounds did not inhibit proliferation of R2/PCFT4 cells (Table 1 ). Significant albeit reduced inhibition was measured at 1 μM for compounds 11 and 13 (10% and 25%, respectively, at pH 5.5). For compounds 11 and 13, we calculated K i values from Dixon analysis at pH 5.5 as measures of binding affinities for PCFT for comparison to 7. By this analysis, K i s for 11 and 13 were 1.60 (±0.21) and 2.90 (±0.53) μM, whereas the calculated K i value for compound 7 was 0.33 (±0.04) μM. Thus, 11 and 13 bind to PCFT, even though they are poorly as mean values ± standard errors from three experiments. Undefined abbreviations: FA, folic acid. For MTX and compounds 9 and 13 with FRα, and MTX and compounds 7, 9, 10, 11, 12, and 13 with FRβ, differences in relative binding affinities were statistically significant from that for folic acid (noted with *; p < 0.05) by paired t-test analysis. For MTX and compounds 9, 11, 12, and 13, differences in relative binding affinities to FRβ were significantly different from that measured for compound 10 (noted with **; p < 0.05) by paired t test analysis.
internalized by this mechanism (as reflected in their inability to inhibit proliferation of R2/PCFT4 cells; (Table 1 ). This suggests that there are substantial differences in metabolism or intracellular targeting of this series of compounds between human (KB) and hamster (RT16) cells, as previously described for another series of antifolate analogues. 23 GARFTase is an established target for 7, resulting in depletion of ATP pools. 18 To assess the possibility that the adipic acid analogue of 7, compound 11, also inhibited de novo purine nucleotide biosynthesis, we tested the capacity of exogenous adenosine (60 μM) to reverse its growth inhibition toward KB cells. 13, [16] [17] [18] 23 Results were compared to those for exogenous thymidine (10 μM). 5-Aminoimidazole-4-carboxamide (AICA) (320 μM), a precursor of the second folatedependent step catalyzed by AICA ribonucleotide formyltransferase (AICARFTase), was also tested so as to distinguish inhibition of GARFTase from AICARFTase. 13, [16] [17] [18] 23 Thymidine had no effect on the inhibition of KB cell proliferation by 7 or 11; however, both adenosine and AICA abolished the inhibitory effects ( Figure 5A,B) . These results establish that compound 11 like 7 is a potent inhibitor of de novo purine nucleotide biosynthesis, most likely at GARFTase.
To directly measure GARFTase activity in KB cells treated with 7 and 11, we used an in situ GARFTase assay. 9 Figure 5C,D) , paralleling the differences in antiproliferative activities (Table 1) .
Molecular Modeling Studies. The X-ray crystal structures of human FRα 27 and FRβ 28 were recently published. In addition, the X-ray crystal structure of human GARFTase 29 is also known. Thus, it was of interest to dock our 6-substituted pyrrolo [2,3-d] pyrimidine analogues 7 and 9−13 into each of the known structures for FRα, FRβ, and GARFTase, to attempt to provide a molecular explanation for the biological activities (PDB 4LRH) . 27 Interacting amino acids in the binding pocket are depicted as gray cylinders (labeled), while noninteracting amino acids in the binding pocket are depicted as green lines (unlabeled). (C) Docked pose of 11 (pink) in human FRα (PDB 4LRH). 27 Interacting amino acids in the binding pocket are depicted as gray cylinders (labeled), while noninteracting amino acids in the binding pocket are depicted as green lines (unlabeled). (D) Docked pose of 12 (pink) in human FRα (PDB 4LRH). 27 Interacting amino acids in the binding pocket are depicted as gray cylinders (labeled), while noninteracting amino acids in the binding pocket are depicted as green lines (unlabeled).
as well as the rank order of activities of the analogues for uptake by FRs and for GARFTase inhibition. Figure 6A shows the docked pose of 7 in the human FRα (PDB 4LRH) 27 binding site. Compound 7 binds in the folate binding cleft of FRα. The 2-NH 2 and 4-oxo moieties of 7 interact with the same amino acids as the corresponding groups of folic acid, 27 with the 2-NH 2 interacting with Asp81 and the 4-oxo forming hydrogen bonds with the side chain hydroxyl of Ser174 and the side chain NH of Arg103. The pyrrolo [2,3-d] pyrimidine scaffold is sandwiched between the side chains of Tyr60 and Trp171, similar to that seen with the pteroyl ring of folic acid in its bound conformation. The L-glutamate moiety of 7 is oriented similarly to the corresponding glutamate in folic acid. 27 The α-carboxylic acid of 7 forms a network of hydrogen bonds involving the backbone NH of Gly137 (not labeled) and Trp138 and the side chain NH of Trp140. The γ-carboxylic acid interacts with the side chain NH groups of Gln100, Lys136, and Trp102 (not labeled), as is seen with the corresponding glutamate portion of folic acid in the crystal structure. 27 The thiophene ring of 7 forms hydrophobic interactions with Trp140. The hydrophobic 3-C linker of 7 forms nonspecific hydrophobic interactions with Tyr60, Phe62, Trp102, Trp134, and His135. The docking score of 7 was −40.35 kJ/mol, compared with that for folic acid of −44.67 kJ/ mol.
The docked poses of 9−13 in human FRα retain the docking interactions of the pyrrolo [2,3- Variations in the docked orientation of the pteroic acid analogue 9 and the pentanoic acid analogue 13 from that of the glutamate chain of 7 could explain, in part, the differences observed in binding of these compounds to FRα (Figure 3 ). The loss of the terminal amino acid residue in 9 afforded docked poses (not shown) that retained the binding interactions of the pyrrolo[2,3-d]pyrimidine scaffold and the thienoyl carboxylic acid moieties but had significantly lower docking scores (−29.81 kJ/mol), as is reflected in its measured binding affinity for FRα (Figure 3) . The α-COOH of the aspartate chain of 10 ( Figure 6B ) maintains the network of hydrogen bonds with Trp138 and Trp140 similar to that seen with the α-COOH of the glutamate chain of 7. While the shorter chain length in the aspartic acid moiety of 10 prevents direct interaction of the γ-COOH with the binding pocket, it can be envisioned that water-mediated interactions of the γ-COOH with Lys136 and Trp102, as can be seen with the corresponding γ-COOH of 7, could help in stabilizing the docked conformation. The docked score of 10 was −34.84 kJ/ mol. In contrast, the adipic acid moiety in the docked conformation of 11 ( Figure 6C ) forms different interactions compared to the glutamate moiety in the docked conformation of 7. The α-COOH in 11 interacts with Trp102 and Gln100, while the γ-COOH interacts with the side chains of Lys136 and Trp138. The docking score of 11 was −34.50 kJ/mol. The pentanoic acid moiety of 12 ( Figure 6D ) binds at the α-COOH binding site of 7 and interacts with the backbone NH of Lys136 and Trp138 and the side chain NH of Trp140. The docked score of this conformation was −33.64 kJ/mol. An alternate low-energy conformation of 12 (not shown), in which the terminal COOH mimics the γ-COOH of 7, was observed in the docking study (docking score −31.02 kJ/mol). In contrast to 12, the docked pose of 13 (not shown) showed the COOH group mimicking the α-COOH of 7. The short chain length of 13 prevents binding to the γ-COOH binding site of 7 and could explain the reduced binding affinity of 13 against FRα (Figure 3) . The docking score of 13 was −32.34 kJ/mol. Thus, the rank order of the docked scores of 7 and 9−13 for FRα parallel the growth inhibition results with FRα-expressing RT16 CHO cells (Table 1) . Docking scores of 9−13 also parallel the relative binding affinities for FRα (Figure 3) . However, for compound 7, the docking score shows increased binding over analogues 10−12, in contrast to the results of direct binding assays (Figure 3 ).
FRα and FRβ share 82% sequence identity and 92% sequence similarity. 28 The docked conformations of 9−13 in the X-ray crystal structure of FRβ bound to PMX (PDB 4KN2, not shown) 28 were very similar to those seen in the docking studies with FRα, described above. The docking studies with FRβ did not provide an adequate molecular explanation for the differences in binding affinities (rank order of binding), as measured by cell surface competition with [ 3 H]folic acid (Figure 3) or the biological activities of the analogues toward FRβ-compared to FRα-expressing CHO cells (Table 1) , as described above.
Because compounds 7 and 11 were both shown to target GARFTase, it was of interest to dock 7 and 11 to explore the molecular basis of their activities against GARFTase. Thus, molecular modeling studies were carried out using the X-ray crystal structure of human GARFTase bound to trifluoroacetyl-5,10-dideaza-acyclic-5,6,7,8-tetrahydrofolic acid (10-CF 3 CO-DDACTHF, PDB 1NJS).
29 Figure 7 shows the docked pose of 7 in the GARFTase active site. The pyrrolo [2,3- is oriented similar to the glutamate chain of 10-CF 3 CO-DDACTHF with the α-COOH interacting with Arg64, Arg90, and the backbone of Ile91 and the γ-COOH interacting with the side chain hydroxyl of Ser116. The docking score of 7 in GARFTase was −54.33 kJ/mol. Figure 8 shows the docked pose of 11 in the GARFTase active site. The docked pose is similar to that of 7 in GARFTase, described above. However, in 11, the γ-COOH of the longer adipic acid moiety can form a hydrogen bond with Asn106. In addition, the carbon side chain of the adipic acid moiety can form van der Waal's interactions with the side chain carbon atoms of Met89 and Arg90. The docking score of 11 in GARFTase was −52.44 kJ/mol. These interactions of 7 and 11 explain the binding and rank order of potent inhibition of GARFTase, as demonstrated by the in situ GARFTase assays ( Figure 5 ) of 7 and 11.
With the recent report of the X-ray crystal structures of FRα 27 and FRβ, 28 it was of interest to determine the difference, if any, in the docked conformations of the side chains of our amino acid analogues for transport (FRα) and enzyme inhibition (GARFTase). On the basis of docking studies in FRα and GARFTase, it is apparent that the side chain thienoyl amino acid (e.g., glutamic acid (7), aspartic acid (10), adipic acid (11)) of the antifolate has a completely different orientation for FRα versus GARFTase with respect to the bicyclic pyrrolo [2,3-d] pyrimidine scaffold. Thus, a degree of flexibility in the amino acid side chain appears to be essential to provide both selective transport and potent enzyme inhibition.
■ CONCLUSIONS
This report continues studies to establish a comprehensive SAR for substrate binding and cellular uptake by the major clinically relevant (anti)folate uptake systems, RFC, PCFT, and FRα and β. Uptake of novel cytotoxic antifolates by FRs or PCFT over RFC by tumor cells but not normal tissues would confer selectivity and result in decreased toxicity over standard antifolates such as MTX or PMX that are transported by all three uptake systems. We previously found that 6-substituted pyrrolo [2,3-d] pyrimidine thienoyl antifolates were excellent substrates for FRα and β and for PCFT, with poor substrate activities for RFC. 17, 18, 23 Compound 7, the 3-carbon bridge analogue and the most potent of this series, was cytotoxic in vitro toward both FRα and PCFT-expressing cells, including clinically relevant human tumor cell lines. [18] [19] [20] 30 In vivo efficacy was demonstrated toward both early and late stage human tumors in immune-compromised mice. 18, 20, 30 Antitumor effects were due to inhibition of GARFTase and ATP depletion. [18] [19] [20] 30 In this report, we explore the role of the terminal L-glutamate in compound 7 on FR and PCFT binding and cellular uptake. A series of 6-substitituted pyrrolo[2,3-d]pyrimidine thienoyl analogues based on 7 with replacements of L-glutamate by different amino acids was described. An additional analogue (9) with a terminal carboxyl and no amino acid moiety was also studied. Our results establish that amino acid modifications are well tolerated by FRα because none of the amino acid replacements completely abolished growth inhibition of FRα-expressing CHO cells. Deletion of the L-glutamate in 9 was particularly disruptive, but even for this analogue, a modest level of growth inhibition toward FRα-expressing CHO cells was detected. Conversely, different results were seen with FRβ, a close structural homologue of FRα, with only the adipic acid analogue of 7, compound 11, showing substantial antiproliferative activity toward D4 cells. For FRα-expressing CHO cells, the aspartate and adipate analogues, 10 and 11, were the most potent of the series, with IC 50 s nearly an order of magnitude higher than for 7. Only 11 showed growth inhibitory activity toward KB tumor cells. For 11, inhibition of GARFTase in KB cells was measured, analogous to compound 7 (albeit with a ∼ 6-fold decreased IC 50 ), results consistent with docking studies with human GARFTase.
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While loss of inhibitory potency for compound 9 was reflected in substantially decreased binding affinity to FRα at the cell surface, for analogues 10−12, there were comparatively modest differences in relative binding affinities that reasonably paralleled in vitro drug efficacies toward RT16 CHO cells engineered to express FRα. This rank order was also found in the docked scores of 9−13 in the crystal structure for FRα, although the docked score for compound 7 was disproportionate. The potent inhibition of FRα-expressing cells by compound 7, compared to compounds 10−13, likely reflects increased inhibition of GARFTase due to its efficient conversion to polyglutamates. 30 While the polyglutamylation of compounds 10−13 has not been tested, by analogy with 4-aminoantifolates with amino acid modifications (including aspartate and adipate analogues), 31 ,32 polyglutamylation of 10− 13 is unlikely.
Although variations in surface binding affinities to FRβ in D4 cells among the assorted compounds were more pronounced than for FRα, with the exception of the undetectable binding for compound 9 and distinctly reduced binding affinities for compounds 12 and 13 for FRβ, these binding affinities could not explain the differences in in vitro efficacies toward FRα-versus FRβ-expressing CHO cells. Further, for most of the compounds, the docking studies could not explain the differences in relative binding affinities with FRα and FRβ.
Disparities between relative docking scores and binding affinities for FRα and β, or biological activities with FRα-or β-expressing cells, may reflect variations between the structures of soluble FRα and FRβ used for crystallization and the glycerol phosphatidylinositol-linked membrane-associated forms of FRα and FRβ used for the cell binding studies. The substantial differences in binding affinities for FRα and FRβ of 11, 12, and 13 (Figure 3) , despite the high homology of the two transporters (see Supporting Information), may also reflect the differences in conformations of the two transporters when isolated and when bound to the membrane. These differences are not apparent in the (anti)folate binding sites in the X-ray crystal structures of FRα and β. For FRβ, the lack of agreement between the cell binding results and the in vitro proliferation assays may reflect differences in relative binding affinities of the bound substrates for FRβ at the cell surface and within the endosomes following internalization.
Whereas our results demonstrate that the terminal Lglutamate is not essential for binding and cellular uptake by FRs, there is an absolute requirement for L-glutamate for PCFT transport. Compound 7 is an excellent substrate for transport by PCFT essentially equivalent to PMX and with antiproliferative activity equaling or even exceeding that for PMX in engineered cell lines and human tumor cell line models. 18, 20, 30 None of the analogues of 7 with amino acid modifications that inhibited growth of RT16 CHO cells inhibited the isogenic PCFT-expressing R2/PCFT4 CHO cells, indicating that internalization of these analogues by PCFT was at best inefficient. However, both the adipic acid-(11) and the pentanoic acid-containing (13) analogues still competed with radiolabeled MTX in uptake assays at both pH 5.5 and 6.8 for PCFT, establishing binding to the carrier. For 13, with only an α-carboxyl group, the greater inhibition of MTX transport over that seen with 12 suggested a greater importance of the α-carboxyl than the γ-carboxyl for substrate binding to human PCFT. These results raise the intriguing possibility that it may be possible to design agents that selectively block PCFT transport without internalization by this mechanism. If these agents do not compete for FR binding, they could be used in combination with FRα-targeted antifolates to augment FRmediated cytotoxicity by competing with exogenous folate cofactors for transport by PCFT to reduce intracellular folate pools. 30 Studies are underway to explore this possibility. In conclusion, this study provides structural evidence that the SAR for the major (anti)folate transporters (i.e., FRα, FRβ, PCFT, and RFC) for the pyrrolo [2,3-d] pyrimidine scaffold at the L-glutamate binding site are quite different. Thus, although 11 was less potent than 7, it was more selective for FRα and FRβ over other cellular uptake processes. This characteristic may be used to afford increased selectivity for cellular uptake via FRs, depending on their expression in tumors vs normal cells, so as to provide targeted chemotherapy without doselimiting toxicity.
■ EXPERIMENTAL SECTION
All evaporations were carried out in vacuo with a rotary evaporator. Analytical samples were dried in vacuo (0.2 mmHg) in a CHEM-DRY drying apparatus over P 2 O 5 at 55°C. Melting points were determined on a MEL-TEMP II melting point apparatus with a FLUKE 51 K/J electronic thermometer and are uncorrected. Nuclear magnetic resonance spectra for proton mutiplet; br, broad singlet. The relative integrals of peak areas agreed with those expected for the assigned structures. High-resolution mass spectra (HRMS), using electron impact (EI), were recorded on a VG AUTOSPEC (Fisons Instruments) micromass (EBE Geometry) double focusing mass spectrometer. Thin-layer chromatography (TLC) was performed on Whatman Sil G/UV254 silica gel plates with fluorescent indicator, and the spots were visualized under 254 and 366 nm illumination. Proportions of solvents used for TLC are by volume. Column chromatography was performed on a 230−400 mesh silica gel (Fisher, Somerville, NJ) column. Elemental analyses were performed by Atlantic Microlab, Inc. Norcross, GA. Element compositions were within ±0.4% of the calculated values. Fractional moles of water or organic solvents found in some analytical samples could not be prevented despite 24−48 h of drying in vacuo and were confirmed where possible by their presence in the 1 H NMR spectra. All solvents and chemicals were purchased from Aldrich Chemical Co. or Fisher Scientific and were used as received. Purities of the final compounds 7, 9−13 were >95% by elemental analysis.
5-(4-Hydroxy-but-1-ynyl)-thiophene-2-carboxylic Acid Methyl Ester (16) . This compound was synthesized in 70% yield as described previously. 17 5-(4-Hydroxy-butyl)-thiophene-2-carboxylic Acid Methyl Ester (17) . This compound was synthesized in 95% yield as described previously. 17 (27. 58 mg, 0.13 mmol) in acetonitrile (2 × 5 mL) was then added to the reaction mixture in two portions and allowed to stir for 3 h. The reaction mixture was then diluted with ethyl acetate (80 mL) and washed with brine water (1:1), satd aq NaHSO 3 solution, and brine, respectively, dried over anhyd Na 2 SO 4 , and concentrated to give pure carboxylic acid 18 (73%) as a colorless oil. TLC R f 0.58 (hexane/EtOAc 1:1). ( (10) . To a solution of 9 (130 mg, 0.41 mmol) in anhydrous DMF (10 mL) was added N-methylmorpholine (84 mg, 0.72 mmol) and 2-chloro-4,6-dimethoxy-1,3,5-triazine (127 mg, 0.72 mmol). The resulting mixture was stirred at room temperature for 2 h. To this mixture were added N-methylmorpholine (84 mg, 0.72 mmol) and L-aspartic acid dimethyl ester hydrochloride (119 mg, 0.60 mmol). The reaction mixture was stirred for an additional 12 h at room temperature and then evaporated to dryness under reduced pressure. The residue was dissolved in the minimum amount of CHCl 3 /MeOH (4:1) and chromatographed on a silica gel column (2 cm × 15 cm) and with 5% CHCl 3 in MeOH as the eluent. Fractions that showed the desired spot (TLC R f 0.44 CHCl 3 /MeOH 5:1) was pooled and the solvent evaporated to dryness to afford 122 mg (65%) of dimethylester as yellow powder. To a solution of dimethylester (122 mg, 0.26 mmol) in MeOH (5 mL) was added 1 N NaOH (10 mL), and the mixture was stirred under N 2 at room temperature for 16 h. TLC showed the disappearance of the starting material (R f 0.44) and one major spot at the origin (CHCl 3 /MeOH 5:1). The reaction mixture was evaporated to dryness under reduced pressure. The residue was dissolved in water (10 mL), the resulting solution was cooled in an ice bath, and the pH was adjusted to 3−4 with dropwise addition of 1 N HCl and then acetic acid. The resulting suspension was frozen in a dry ice−acetone bath, thawed to 4−5°C in the refrigerator, and filtered. The residue was washed with a small amount of cold water and acetone. The residue was then dried in vacuum using P 2 O 5 to afford 68 mg (59%) of 10 as white powder. Overall yield was 38% in two steps; mp 171−172°C ( (11) . To a solution of 9 (150 mg, 0.47 mmol) in anhydrous DMF (10 mL) was added N-methylmorpholine (99 mg, 0.85 mmol) and 2-chloro-4,6-dimethoxy-1,3,5-triazine (150 mg, 0.85 mmol). The resulting mixture was stirred at room temperature for 2 h. To this mixture were added N-methylmorpholine (150 mg, 0.47 mmol) and dimethyl (S)-2-aminohexanedioate (134 mg, 0.71 mmol). The reaction mixture was stirred for an additional 12 h at room temperature and then evaporated to dryness under reduced pressure. The residue was dissolved in the minimum amount of CHCl 3 /MeOH (4:1) and chromatographed on a silica gel column (2 cm × 15 cm) and with 5% CHCl 3 in MeOH as the eluent. Fractions that showed the desired spot (TLC R f 0.46 CHCl 3 /MeOH 5:1) were pooled and the solvent evaporated to dryness to afford 152 mg (66%) of dimethylester as yellow powder. To a solution of dimethylester (152 mg, 0.31 mmol) in MeOH (5 mL) was added 1 N NaOH (10 mL), and the mixture was stirred under N 2 at room temperature for 16 h. TLC showed the disappearance of the starting material (R f 0.46) and one major spot at the origin (CHCl 3 /MeOH 5:1). The reaction mixture was evaporated to dryness under reduced pressure. The residue was dissolved in water (10 mL), the resulting solution was cooled in an ice bath, and the pH was adjusted to 3−4 with dropwise addition of 1 N HCl and then acetic acid. The resulting suspension was frozen in a dry ice−acetone bath, thawed to 4−5°C in the refrigerator, and filtered. The residue was washed with a small amount of cold water and acetone. The residue was then dried in vacuum using P 2 in MeOH (5 mL) was added 1 N NaOH (10 mL), and the mixture was stirred under N 2 at room temperature for 16 h. TLC showed the disappearance of the starting material (R f 0.58) and one major spot at the origin (CHCl 3 /MeOH 5:1). The reaction mixture was evaporated to dryness under reduced pressure. The residue was dissolved in water (10 mL), the resulting solution was cooled in an ice bath, and the pH was adjusted to 3−4 with dropwise addition of 1 N HCl and then acetic acid. The resulting suspension was frozen in a dry ice−acetone bath, thawed to 4−5°C in the refrigerator, and filtered. The residue was washed with a small amount of cold water and acetone. The residue was then dried in vacuum using P 2 O 5 to afford 188 mg (77%) of 12 as white powder. Overall yield was 58% in two steps; mp 168− 169°C. 1 (13) . To a solution of 9 (150 mg, 0.47 mmol) in anhydrous DMF (10 mL) was added N-methylmorpholine (99 mg, 0.85 mmol) and 2-chloro-4,6-dimethoxy-1,3,5-triazine (150 mg, 0.85 mmol). The resulting mixture was stirred at room temperature for 2 h. To this mixture were added N-methylmorpholine (150 mg, 0.47 mmol) and (S)-methyl 2-aminopentanoate hydrochloride (119 mg, 0.71 mmol). The reaction mixture was stirred for an additional 12 h at room temperature and then evaporated to dryness under reduced pressure. The residue was dissolved in the minimum amount of CHCl 3 /MeOH (4:1) and chromatographed on a silica gel column (2 cm × 15 cm) and with 5% CHCl 3 in MeOH as the eluent. Fractions that showed the desired spot (TLC R f 0.60 CHCl 3 /MeOH 5:1) was pooled and the solvent evaporated to dryness to afford 168 mg (83%) of methyl ester as yellow powder. To a solution of methyl ester (168 mg, 0.39 mmol) in MeOH (5 mL) was added 1 N NaOH (10 mL), and the mixture was stirred under N 2 at room temperature for 16 h. TLC showed the disappearance of the starting material (R f 0.60) and one major spot at the origin (CHCl 3 /MeOH 5:1). The reaction mixture was evaporated to dryness under reduced pressure. The residue was dissolved in water (10 mL), the resulting solution was cooled in an ice bath, and the pH was adjusted to 3−4 with dropwise addition of 1 N HCl and then acetic acid. The resulting suspension was frozen in a dry ice−acetone bath, thawed to 4−5°C in the refrigerator, and filtered. The residue was washed with a small amount of cold water and acetone. The residue was then dried in vacuum using P 2 27 of FRβ bound to PMX (PDB 4KN2, 2.60 Å) 28 and of human GARFTase bound to 10-CF 3 CO-DDACTHF (PDB 1NJS, 1.98 Å) 29 were obtained from the Protein Data Bank.
Docking studies were performed using LeadIT 2.1.6. 33 The protonation state of the proteins and the ligands were calculated using the default settings. Water molecules in the active site were permitted to rotate freely. The active site was defined by a sphere of 6.5 Å from the native ligand in the crystal structure. Ligands for docking were prepared using MOE 2013.08, 34 and the energy was minimized using the MMF94X force field to a constant of 0.05 kcal/ mol. Triangle matching was used as the placement method and the docked poses were scored using default settings. The docked poses were visualized using CCP4MG. 35 Molecules used for the docking experiments were constructed in MOE 2013.08 and minimized using the MMFF94x force field to a constant of 0.05 kcal/mol. To validate LeadIT 2.1.6 for docking the proposed compounds, the ligands, folic acid for FRα, PMX for FRβ, and 10-CF 3 CO-DDACTHF for GARFTase, were built using the molecule builder function in MOE, energy minimized, and docked, as described above. RMSD of the docked poses were calculated using an SVL code obtained from the MOE Web site (www.chemcomp.com) and compared to the conformation of the crystal structure ligands.
The best docked pose of folic acid in FRα had an RMSD of 0.81 Å, PMX in FRβ had an RMSD of 1.01 Å and 10-CF 3 CO-DDACTHF in the human GARFTase had an RMSD of 1.04 Å. Thus, LeadIT 2.1.6 was validated for our docking purposes in FRα, FRβ, and GARFTase.
Reagents for Biological Studies. [3′,5′,7,9- Cell Lines and Assays of Antitumor Drug Activities. The origin of the engineered CHO sublines including RFC-and FRα-null MTXRIIOua folate-free RPMI 1640 (without added folate) for 3 days. R2/hPCFT4 and R2(VC) cells were cultured in complete folate-free RPMI 1640 including dialyzed fetal bovine serum (FBS) (Invitrogen) and 25 nM LCV with 1.5 mg/mL G418. KB human nasopharyngeal carcinoma cells were purchased from the American Type Culture Collection (Manassas, VA). KB cells were routinely cultured in folate-free RPMI 1640 medium, supplemented with 10% FBS, penicillin−streptomycin solution, and 2 mM L-glutamine at 37°C with 5% CO 2 .
For growth inhibition assays, cells (CHO and KB) were plated in 96 well dishes (∼2500−5000 cells/well, total volume of 200 μL medium) with a range of antifolate concentrations. 13, 16 The medium was RPMI 1640 (contains 2.3 μM folic acid) with 10% dialyzed FBS and antibiotics for experiments with R2 and PC43-10 cells. For RT16, D4, and KB cells, cells were cultured in folate-free RPMI media with 10% dialyzed FBS and antibiotics supplemented with 2 nM LCV and 2 mM L-glutamine. The requirement for FR-mediated drug uptake in these assays was established in parallel incubations including 200 nM folic acid. For R2/hPCFT4 cells, the medium was folate-free RPMI 1640 (pH 7.2) containing 25 nM LCV, supplemented with 10% dialyzed FBS, antibiotics, and L-glutamine. Cells were incubated for up to 96 h, and viable cells were assayed with CellTiter-Blue cell viability assay (Promega, Madison, WI) using a fluorescence plate reader. 13, 16 Raw data were exported from Softmax Pro software to an Excel spreadsheet for analysis and determinations of IC 50 s, corresponding to the drug concentrations that result in 50% loss of cell growth.
For some of the in vitro growth inhibition studies, the inhibitory effects of the antifolate inhibitors on de novo thymidylate biosynthesis (i.e., thymidylate synthase) and de novo purine nucleotide biosynthesis (GARFTase and AICARFTase) were tested by coincubations with thymidine (10 μM) and adenosine (60 μM), respectively. 13, [16] [17] [18] 23 For de novo purine nucleotide biosynthesis, additional protection experiments used AICA (320 μM) to distinguish inhibitory effects at GARFTase from those at AICARFTase. 13 6 ) were rinsed twice with Dulbecco's phosphate-buffered saline (DPBS), followed by two washes with an acidic buffer (10 mM sodium acetate, 150 mM NaCl, pH 3.5) to remove FR-bound folates. Cells were washed twice with ice-cold HEPES-buffered saline (20 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , 5 mM glucose, pH7.4) (HBS), then incubated in HBS with [ 3 H]folic acid (50 nM, specific activity 0.5 Ci/mmol) in the presence and absence of unlabeled folic acid or antifolate (over a range of concentrations) for 15 min at 0°C. The dishes were rinsed three times with ice-cold HBS, after which the cells were solubilized (0.5 N NaOH) and aliquots measured for radioactivity and protein contents. Protein concentrations were measured with Folin phenol reagent. 36 Transport Assays. R2 and R2/hPCFT4 CHO sublines were routinely grown in suspension as spinner cultures at densities of 2−5 × 10 5 cells/mL. Cells were collected by centrifugation and washed with DPBS, and the cell pellets (∼2 × 10 7 cells) were suspended in transport buffer (2 mL) for cellular uptake assays. pH-dependent uptake of 0.5 μM [ 3 H]Mtx was assayed in cell suspensions over 2 min at 37°C in HBS at pH 6.8 or in 4-morphilinopropane sulfonic (MES)-buffered saline (20 mM MES, 140 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , and 5 mM glucose) at pH 5.5 in the presence or 1 or 10 μM inhibitor.
14 At the end of the incubations, transport was quenched with ice-cold DPBS, cells were washed 3 times with ice-cold DPBS, and cellular proteins were solubilized with 0.5 N NaOH. Levels of drug uptake were expressed as pmol/mg protein, calculated from direct measurements of radioactivity and protein contents of cell homogenates. Radioactivity was measured with a scintillation counter, and proteins were quantified using Folin-phenol reagent. 36 Transport results were normalized to levels in untreated controls. 13,16,17,11−17 For these experiments, KB cells were seeded in 4 mL complete folate-free RPMI 1640 plus 2 nM LCV in 60 mm dishes at a density of 2 × 10 6 cells per dish. On the next day, the medium was replaced with 2 mL of fresh complete folate-free RPMI 1640 plus 2 nM LCV (without supplementing glutamine). Azaserine (4 μM final concentration) was added in the presence and absence of the antifolate inhibitors. After 30 min, L-glutamine (final concentration, 2 mM) and [ 14 C]glycine (tracer amounts; final specific activity 0.1 mCi/L) were added. Incubations were at 37°C for 15 h, at which time cells were washed (one-time) with ice-cold folate-free RPMI 1640 plus serum. Cell pellets were dissolved in 2 mL of 5% trichloroacetic acid at 0°C. Cell debris was removed by centrifugation (the cell protein contents in the pellets were measured following solubilization with 0.5 N NaOH 36 ), and the supernatants were extracted twice with 2 mL of ice-cold ether. The aqueous layer was passed through a 1 cm column of AG1 × 8 (chloride form), 100−200 mesh (Bio-Rad), washed with 10 mL of 0.5N formic acid, and then 10 mL of 4N formic acid, and finally eluted with 8 mL 1 N HCl. The eluates were collected and determined for radioactivity. The accumulation of [ inhibitory concentration; LCV, leucovorin; MTX, methotrexate; MEM, minimal essential media; PMX, Pemetrexed; PCFT, proton-coupled folate transporter; RTX, raltiterxed; RFC, reduced folate carrier; SAR, structure−activity relationship
